Aim: Leaf nutrient resorption is a key nutrient conservation trait, which also influences nutrient cycling rates and pools. Most global biogeochemical models assume that resorption is non-varying at a temporal scale. However, this trait can differ substantially within populations among years. We assessed the commonality of attaining proficient resorption, the factors associated with proficient resorption, as well as the variability of this trait and the factors controlling trait variability.
compounds) and nutrient-poor soils selecting for slow-growing species that produce 'costly' tissues (Wright et al., 2004) . Therefore, plants at opposite ends of the leaf economics spectrum differ in tissue longevity and plant nutrient demand. Likewise, nutrient conservation is expected to differ between species from nutrient rich and poor sites, as plant nutrient resorption is one of the most important nutrient conservation traits (Eckstein, Karlsson, & Weih, 1999; Yuan & Chen, 2009 ).
Through the resorption process, biomolecules in senescing tissues are broken down and retranslocated to growing tissues or storage organs (Aerts, 1996; . Reuse and storage of nutrients from senescing tissues can buffer the plant from variations in inter-annual soil nutrient availability, minimizing plant reliance on soil nutrient supply. Greater resorption has been correlated with greater whole plant nutrient retention (Eckstein et al., 1999) and fitness (Aerts, 1996; , and in some cases, interspecific differences in resorption may have led to niche differentiation (Drenovsky & Richards, 2006) or even conferred a competitive advantage (Fahey, Battles, & Wilson, 1998) under nutrient limiting conditions.
Despite the importance of resorption for whole-plant nutrient conservation and plant performance, significant inter-annual variability in this trait is observed . Killingbeck (2004) proposed that species can differ in their potential resorption (i.e., maximal nutrient translocation for that species) and their realized resorption (i.e., the amount resorbed in any given year). In his model, long-term evolutionary factors such as long-term site fertility and complementary nutrient conservation and acquisition adaptations are drivers of potential resorption. These long-term factors may be represented by characteristics of a system, such as biome, soil moisture regime, or latitude, or by traits of the focal taxon, such as leaf habit, mycorrhizal status or functional group. In contrast, short-term changes in environmental factors, such as inter-annual variability in soil fertility or water availability, or physiological or phenological factors, such as timing of abscission or green leaf nutrient concentrations, are drivers of realized resorption and thus temporal variability in this trait. This distinction between potential and realized resorption is significant, as it suggests that in most years, plants are unlikely to reach their maximum potential resorption due to short-term factors limiting realized resorption (Killingbeck, 2004) .
Despite hypothesized differences between realized and potential resorption, few studies have investigated this temporal variability.
In a meta-analysis of factors driving resorption, only c. 5% of the included studies were conducted for more than 1 year (Yuan & Chen, 2009 ). Where data exist, however, inter-annual variation has been significant. For example, data from a 6-year field survey of California chaparral shrubs and trees and a 3-year field survey of Great Basin and Mojave Desert shrubs indicated that the coefficient of variation for N and P resorption proficiency ranged from 13-97% across the 33 taxa studied. Temporal patterns in N and P resorption were not similar among species within these studies, suggesting that variation in N and P resorption may respond to different drivers. Furthermore, variation was not well correlated with climate (temperature and precipitation), indicating these traits may depend on synergistic effects of multiple factors, including soil properties, climate drivers and plant morphology . Importantly, all but two species included in these studies had at least one individual attain complete N resorption proficiency (in which 'complete' resorption represents < 7 g/kg leaf litter N and indicates high resorption proficiency, sensu , with similar trends observed for P resorption proficiency. These data underscore the need for multi-year data sets to determine potential resorption. Without multiple years of assessment, potential resorption for many species would have been underestimated. Only through repeated, annual sampling is it possible to determine potential resorption in a species, the range of realized resorption, and the environmental and biological factors driving this process over time.
To address the potential factors influencing realized and potential resorption, we compiled a global data set including only multi-year studies. We posed three main research questions: (a) How common are complete resorption of N and P (i.e., how likely are plants to achieve potential resorption)? (b) are N and P resorption linked to plant nutrient status, each other, or with environmental or biological factors? (c) How plastic are N and P resorption? Based on previous studies, we expected complete resorption to be rarer than incomplete resorption in most years, but that the likelihood of achieving complete resorption would be correlated with poorer plant nutrient status and lower soil nutrient availability.
| MATERIAL S AND ME THODS

| Data set
We compiled our global data set by searching for studies including two or more years of resorption proficiency data using Web of Science (publication years spanning from 1965 to 2014), and the search terms 'resorption', 'senesced leaf', 'litter' and 'retranslocation'.
Published meta-analyses were reviewed for additional citations (e.g., Yuan & Chen, 2009 ). Resorption proficiency was defined as the nutrient concentration in senesced leaf tissue (sensu . Studies were included in our data set if they met the following conditions: (a) ≥ 2 years of senesced leaf N and/or P data were included, (b) leaf nutrient data were reported by species (not community), (c) species identity was available for data reported, (d) data were collected from unfertilized, non-irrigated plants under natural conditions. Our data set represents 50 studies (29 of which were conducted for three or more years), 94 unique study locations, 141 species from 53 families and 29 orders, and most common functional groups (grasses, forbs, shrubs and trees). Most of the studies were conducted in North America and Europe, but most major biomes were represented by the data set ( Figure 1 ). Temperate biomes were most strongly represented in the data set, followed by Mediterranean systems and deserts; tropical, subtropical, taiga, tundra and wetland systems were least represented in the data set (Table 1) . No studies included sites from montane grasslands and shrublands. Please see Appendix 1 for resorption data sources.
For each study, we recorded senesced leaf nutrient concentrations on a mass basis. For a limited number of studies (four), data were presented on an area basis. These values were converted to mass-based values using leaf mass area presented in the paper or in related papers. In two cases, data were presented as rates of nutrient loss in litterfall. These values were converted to concentrations using the litterfall mass rates reported in the manuscript. Additionally, green leaf N and P concentrations (g/kg), locality (e.g., latitude and longitude), climate (mean annual precipitation, MAP; mean annual temperature, MAT; yearly precipitation; yearly mean annual temperature), elevation, soil chemistry (total soil N, g/kg; extractable soil P, g/kg; soil pH) data were recorded where available.
Data from figures were extracted using Data thief v3 (Tummers, 2006) .
Additional yearly precipitation and temperature data were obtained from the National Oceanic and Atmospheric Administration Data Climate Center for 44 sites, using data from the closest climate station (38 sites < 25 km from weather station; all sites < 40 km from nearest weather station). For most sites, time since last disturbance was not available, except for some forested sites, in which forest age was reported in the manuscript. Using arcMap 10.2 (ESRI, Redl ands, CA), we extracted additional environmental data, including soil order, soil temperature regime, soil moisture regime, biome, potential evapotranspiration, soil pH, and elevation (see Appendix 2 for data sources).
We applied soil order, soil temperature regime and soil moisture regime definitions and classifications as described by United States Department of Agriculture-Natural Resources Conservation Service F I G U R E 1 Global map of sampling locations. In some cases, small distances between sampling locations led to overlapping symbols. Two sampling locations are located in southern Japan; sixteen in South America; three in New England, USA; four in northern Michigan, USA; six in northeast Spain; four in southern France; and six in Scotland ties. We assumed the World Geodetic System (WGS) 1984 coordinate system and World Eckert IV projection to process our spatial data. To account for differences in spatial extent of the various studies included, we categorized each study into one of three groups:
(a) < 5 km radius, (b) c. 5-10 km radius, and (c) > 10 km radius, and based on the resolution of our maps in these categories. Most of the sites (> 80%) were categorized in the first group, with the smallest spatial extent. Subsequently, we created corresponding buffer zones around the GPS location of each study site using the proximity tool of the arcMap analysis toolbox. To extract values of our environmental data that would correspond to each of our study locations we then used the extract and overlay toolset, depending on the data type. Specifically, we applied the extract tool for continuous variables such as elevation and calculated a mean value for each buffer using the raster data of the specific environmental variable. For categorical data such as soil order, biome, soil moisture regime etc., we utilized the overlay tool. In cases in which the buffer zone intersected more than one category type, we reduced the extracted types to one single value for each buffer zone as follows: first, we calculated the area of each category type and then applied the majority rule to obtain the type that best represented the study site.
| Statistical analysis
Results of statistical tests of significance are accompanied by estimates of effect size, to represent the magnitudes of associations without the confounding influence of sample size. For univariate categorical data, effect size is represented by the odds in favour of the focal outcome (complete resorption). For cross-tabulations of binary categorical variables, effect size is represented by the odds ratio.
In multiple linear regression models, effect size is indicated by the values of Type III partial R 2 . These values represent the proportion of variation accounted for by each of the independent variables, including both categorical and continuous predictors.
Following , all N and P resorption proficiency data were coded as either 'complete' or 'intermediate + incomplete'.
We refer to the latter category as 'incomplete'. The proportion of years in which complete resorption occurred per species per study was computed and represents a dependent variable outcome. We used these data to address whether the proportions of years in which N or P complete resorption occurred were correlated. To investigate the factors linked to complete resorption, we used correlation analysis to relate plant nutrient status (as estimated by green leaf N and P) to plant nutrient resorption (as estimated by senesced leaf N and P), as well as N and P resorption to each other, per species
per study.
We also examined the relationship between environmental and biological variables and complete resorption (replication for categorical predictor variables reported in Table 2 ). Principal components analysis (PCA) was applied to the continuous environmental predictor variables (MAP, MAT, latitude, soil pH, potential evapotranspiration, and elevation), resulting in three components that generally represent climate, geography, and soil pH. Site age was not included in our models, as this information was available for < 20% of our sites and was not significantly correlated with senesced leaf N or P at these sites (data not shown). Multiple linear regression models based on the categorical environmental predictor variables and the three principal components -climate, geography and pH -were fit separately to the proportions of years in which complete resorption occurred for N and P. All regression models used weighted least squares to account for differing numbers of years sampled, per species per study. Effect sizes for the linear models are represented by Type III partial R 2 values and three principal components used in the linear models. Non-significant predictors were culled from the linear models using backward elimination strategies.
We also explored the plasticity of N and P resorption, using the coefficient of variation (CV) of this trait within species and study site. The CV for N resorption proficiency was correlated with the CV for P resorption proficiency, per species per study. The CVs were transformed by logarithms (base 10) due to skewness in their distributions. A paired-samples t test was used to determine whether the mean variabilities in resorption proficiency (CVs) for N and P were equivalent. Linear models based on the selection from the set of categorical environmental predictor variables and the three principal components were fit separately to the logtransformed CVs for N and P. All data were analysed using sas v9.4 (Cary, North Carolina).
| RE SULTS
| How common is complete resorption?
First, we investigated species responses within a study, assessing whether complete resorption occurred in at least one year of the study for either N or P (i.e., did a species ever achieve complete resorption during the study). Based on these data, incomplete and complete N resorption were equally likely to occur, occurring in 54.7 and 45.3% of cases, respectively (odds in favour of complete (Continues) resorption = .83:1, p = .29; Table 3 ). In contrast, incomplete P resorption more commonly occurred than complete P resorption, occurring in 64.9 and 35.1% of cases, respectively (odds in favour of complete resorption = .54:1, p < .0001; Table 3 ). Second, we determined the proportion of years within a study in which complete resorption occurred for a species (i.e., how frequently did a species achieve complete resorption during a study). On average, complete N resorption occurred in approximately one-third of the years studied (32.1%), and complete P resorption occurred in approximately one-quarter of the years studied (25.7%).
| Are N and P resorption linked to plant nutrient status, each other, or environmental or biological factors?
Particularly for N resorption, plant nutrient status (as evidenced by green leaf nutrient concentration) was positively correlated with senesced leaf nutrient concentrations (Figure 2a,b) . As a result, plants with greater green leaf N or P tended to senesce leaves higher in nutrients. However, there was a non-significant relationship between senesced leaf N and P concentrations, suggesting that across values representing the incomplete to complete resorption range, resorption of these nutrients is not strongly linked (Figure 2c ). Although this relationship becomes significant when the six outliers are removed (r = .32, p < .0001; data not shown), the correlation between senesced leaf N and P is only moderate. Of interest for potential further study, five of the six outliers are ectomycorrhizal species,
representing just over 7% of the ectomycorrhizal samples. When we consider the likelihood of complete resorption (a discrete variable), the occurrence of complete N resorption is positively associated with complete P resorption, based on contingency table analysis ( 2 1 = 6.66; p = .01; Phi coefficient = 0.212; Table 3 ). Likewise, if we investigate the proportion of years in which complete N and P resorption occurred for a species within a study, these proportions are positively correlated (r = .276, p < .001). Thus, both the occurrence and frequency of complete N and P resorption are positively associated.
Based on multiple regression models, greater frequency of complete N resorption was significantly associated with soil order (partial R 2 = 15.5%, p = .0003), biome (partial R 2 = 14.9%, p = .0003), soil moisture regime (partial R 2 = 11.7%, p = .0002), functional group (partial R 2 = 9.5%, p = .0011), N fixing status (partial R 2 = 4.3%, p = .0032), leaf habit (broadleaf versus conifer; partial R 2 = 3.4%, p = .0081), and 'Geography' (PCA factor 3, partial R 2 = 3.4%, p = .0079). Considering sample size and significance within levels of soil order, complete N resorption was predicted to occur most frequently in plants growing on entisols and to occur least frequently in plants growing on andisols (Figure 3a) . Although not well replicated in the data set, complete N resorption rates were also high for vertisols and low for ultisols and aridisols. Complete resorption (Figure 3c ). Perudic soils were the most variable, having a standard deviation as great as the mean response. Grasses frequently achieved complete N resorption, whereas perennial forbs were unlikely to attain complete N resorption (Figure 3d ). N-fixing plants were less likely to achieve complete resorption than plants incapable of N fixation (Figure 3e ). Furthermore, conifers achieved complete N resorption more frequently than broadleaf plants ( Figure 3f ). The significant, positive coefficient of the 'Geography' component indicates that greater likelihood of complete resorption was associated with higher elevations and lower latitudes. All of these results are conditional on all of the predictors being in the model simultaneously.
Greater frequency of complete P resorption was significantly associated with biome (partial R 2 = 13.6%, p = .0019), soil order (partial R 2 = 11.3%, p = .0143) and mycorrhizal status (partial R 2 = 6.8%, p = .0039). Although not well replicated in the data set, plants from flooded grasslands and savannas more frequently achieved complete P resorption than plants from other biomes; complete P resorption occurred least frequently in plants from deserts and xeric shrublands ( Figure 4a ). Complete P resorption rates were also low for plants from temperate coniferous forests, temperate grasslands, savannas and shrublands, and tropical and subtropical dry broadleaf forests.
Complete P resorption was predicted to occur most frequently in plants growing on aridisols and to occur least frequently in plants growing on histosols (Figure 4b ). Although not well replicated in the data set, complete P resorption rates represented were also high for oxisols and low for spodosols and vertisols. Non-mycorrhizal plants more frequently achieved complete P resorption compared to plants with either arbuscular mycorrhizae or ectomycorrhizae (Figure 4c ).
| How plastic are N and P resorption?
Based on a paired samples t test, P resorption was more variable, on average, than N resorption (t value = 4.45, p < .001; Figure 5a ).
However, species with more variable P resorption also tended to have more variable N resorption (r = .39, p < .001; Figure 5b ). Based on multiple regression analysis (R 2 = 20.6%, F 10,149 = 3.87, p = .0001), N resorption plasticity was associated with biome (partial R 2 = 18.0%, p = .0003) and leaf habit (broadleaf versus conifer; partial R 2 = 2.7%, p = .0270). Based on parameter estimates, plants growing in tropical and subtropical moist broadleaf forests and deserts and xeric shrublands, as well as broadleaf plants, were associated with greater variability in N resorption (Table 4) .
Likewise, multiple regression analysis (R 2 = 61.7%, F 13,48 = 5.96, p < .0001) indicated that P resorption plasticity was associated with soil order (partial R 2 = 21.5%, p = .0011), biome (partial R 2 = 26.9%, p < .0001) and 'Geography' (PCA factor 3, partial R 2 = 7.0%, p = .0048). According to parameter estimates, plants growing on alfisols and inceptisols, those at lower elevation and higher latitudes, and those growing in tropical and subtropical moist broadleaf forests tended to have more variable P resorption (Table 5 ).
| D ISCUSS I ON
| How common is complete resorption?
In this study, we wanted to understand how commonly complete resorption occurs and the factors associated with it. We addressed including studies with a single year of data), the median senesced leaf P concentration was 5 g/kg (based on supplemental data from Yuan & Chen, 2009 ), which is above the complete resorption range for evergreen species and equivalent to the complete resorption range for deciduous species. Furthermore, the 25th quantile for senesced leaf P was 3.5 g/kg, suggesting that our estimate of complete P resorption occurring in approximately one-quarter of cases across biomes is similar to what is observed even in P-limited systems, such as the tropics. Therefore, overall, our data suggest that incomplete N and P resorption is common, even at sites where species can achieve complete resorption in some years.
| Are N and P resorption linked to plant nutrient status, each other, or environmental or biological factors?
Our results suggest that leaf N and P resorption may respond to different environmental drivers within species, sites and years. In support, we observed that senesced leaf N and P concentrations were not significantly correlated within the same sampling year in our full data set, despite a significant correlation between green leaf N and P concentrations (data not shown). These data were only moderately correlated when outliers, most of which represented ectomycorrhizal species, were temporarily excluded. However, when we Partial R 2 = 13.6% Partial R 2 = 11.3%
Partial R 2 = 6.8% p = .00019 p = .0143 p = .0039
investigated the likelihood of the same species achieving complete N and P resorption within the same study period -although not necessarily the same year -we observed a positive relationship between these two elements. These seemingly contradictory outcomes parallel early research probing the physiological factors limiting nutrient resorption (Brant & Chen, 2015) , in which authors uncovered conflicting results regarding the interdependence of N and P resorption . We propose that these conflicting results may stem from N and P resorption being independently regulated by biochemical, physiological or environmental limitations in a given year.
Only with multiple years of study is it possible to detect patterns in complete N and P resorption. For example, variable access to mutualists, differential need for compatible solute accumulation in response to drought or soil salinity, and disparities in the strength of N or P limitations may differentially impact resorption of one element over the other in a given year (Killingbeck, 2004) . In other words, although complete N and P resorption may occur within a species at the same site, they may not occur during the same growing season due to differential drivers for each element.
In general, incomplete N and P resorption were associated with greater plant nutrient status, as indicated by greater green leaf nutrients. These results point to the importance of long-term selective forces, such as site fertility, in driving patterns of potential resorption (Killingbeck, 2004) . In support, complete N resorption was influenced by multiple factors limiting soil nutrient availability.
Plants growing on recently developed, N-poor soils, such as entisols, were associated with complete N resorption. Likewise, clay-rich vertisols were associated with complete N resorption. Vertisols tend to tightly fix ammonium to clay minerals due to high negative charges in tetrahedral crystal sheets of smectite clays (Chen, Turner, & Dixon, 1989 ) while losing nitrogen due to high denitrification rates when saturated (Reid-Soukup & Ulery, 2002) . In contrast, plants growing on nutrient-rich andisols, well-developed ultisols or water-limited aridisols were associated with poor N resorption. Plants from higher elevations also tended to be associated with complete N resorption, likely due to poor soil N availability in these geologically young and shallow soils where colder temperatures at higher elevations can limit soil nutrient cycling (Liu et al., 2017; Pierre et al., 2017) .
Additionally, at high elevations, litterfall rates are lower, and plants from these regions tend to be evergreen (de Sousa-Neto et al., 2017; Lu & Lui, 2012) . In contrast to other studies (Kang et al., 2010; Tang, Han, Chen, & Fang, 2013; Yuan & Chen, 2009 ), lower latitudes were associated with complete N resorption. It may be that our data set was limited by fewer high relative to low latitude sites, precluding our ability to detect stronger trends in latitudinal variation. Alternatively, lower latitudes may be associated with complete resorption due to the highly weathered, and thus nutrient-poor soils, located in these regions, leading to nutrients being tightly held in biomass via internal nutrient recycling processes.
Nitrogen resorption patterns also were related to environmental factors influencing biome distribution. Although plants from nutrientlimited mangroves tended to be associated with complete N resorption (Reef, Feller, & Lovelock, 2010) , plants from tundra and desert and xeric shrublands were not. Due to their short growing season and slow growth, tundra plants often exhibit luxury consumption (e.g., van
Wijk, Williams, Gough, Hobbie, & Shaver, 2003) , raising green leaf nutrient concentrations and potentially limiting resorption. In desert and xeric species, plasticity in senesced leaf N is common (e.g., , likely due to inter-annual variation in precipitation and thus soil nutrient availability.
Given the trends observed between complete N resorption and biome, it is not surprising that extremes in soil moisture were less likely to be associated with complete N resorption. Aridic soils, which are dry for at least 90 days per year, likely caused significant drought, leading to incomplete N resorption (Khasanova, James, & Drenovsky, 2013) , and perudic soils (in which precipitation exceeds evapotranspiration) may have been sufficiently saturated to disrupt physiological processes necessary for nutrient translocation. For example, low oxygen, flooded soils can lower aerobic root respiration and thus impede ATP production (Lambers et al., 2008) , which is required for biomolecule catabolism and transport.
Leaf P resorption responded to different drivers than leaf N resorption, with complete P resorption most strongly associated with biome, soil order, and mycorrhizal status. Although replication was rather low, plants from flooded grasslands and savannas were more likely to achieve complete P resorption, perhaps due to reduced P uptake under flooded conditions (Armstrong & Drew, 2002; Chen, Mendelssohn, Lorenzen, Brix, & Mao, 2005; Kozlowski, 1984) . In contrast, complete P resorption occurred less frequently in plants from temperate coniferous forests, where mycorrhizal colonization of plants roots is high. Also, greater mineralization of P relative to N in forested ecosystems (Marklein et al., 2016) may have decreased the selective pressure for proficient P resorption in plants from this biome. Complete P resorption occurred frequently in plants growing on soil types typically limited in P, such as water-limited, alkaline aridisols and highly weathered oxisols. Soils low in soil moisture create a tortuous pathway for soil P movement due to their low effective diffusivity (Marschner & Rengel, 2012) , and the alkaline conditions of aridisols and the Al and Fe oxides of oxisols can strongly bind P to minerals, making it unavailable to plants even when soil moisture is available. In contrast, complete P resorption less frequently occurred in plants growing on organic matter-rich histosols.
Not surprisingly, non-mycorrhizal plants more frequently achieved complete P resorption than plants with arbuscular or ectomycorrhizal mutualists. Lacking fungal partners to help non-mycorrhizal plants obtain soil P likely generates a strong selective force for proficient P resorption (Killingbeck, 2004) . This same trend was observed on a smaller scale in a study comparing asters and chenopods from the Mojave and Great Basin Deserts and another comparing 10 woody species from Andean-Patagonian forests . Although data for seven non-mycorrhizal species from these studies were included in this meta-analysis, the trend held when an additional 11 species from nine unique studies were included in the current study.
Overall, we observed consistent patterns in the drivers of complete and incomplete N and P resorption. For both nutrients, complete resorption was commonly associated with low soil nutrient availability, creating a strong selective force for this important nutrient conservation process. Patterns in incomplete resorption, however, were more nuanced. In some cases, incomplete resorption occurred due to factors leading to weak selection for this trait, such as temperate, high nutrient soils or availability of mutualistic partners (i.e., the plants have less 'need' for proficient resorption). In other cases, environmental or other factors limited the physiological mechanisms enabling this process (i.e., the plants were restricted in their ability to achieve proficient resorption). For example, drought can negatively impact plant water balance and thus the export processes required for nutrient resorption out of leaves and into storage tissues (Khasanova et al., 2013) , yielding poor resorption proficiency.
| How plastic are N and P resorption?
Not only was complete N resorption more common than complete P resorption, there was also less plasticity in N resorption than P resorption. N is required in higher concentrations than P to support plant growth and fitness (Hawkesford et al., 2012) and is the most limiting nutrient to plants in many biomes worldwide (Aerts & Chapin, 2000) . N resorption plasticity was most strongly associated with leaf habit and biome. In general, N resorption proficiency was less variable in coniferous versus broadleaf plants, similar to results for nutrient resorption efficiency (Aerts & Chapin, 2000) , emphasizing the importance of long-lived, evergreen leaves for plants growing on low 1973) potentially limiting N resorption in some years (Khasanova et al., 2013) .
Phosphorus resorption plasticity was associated with soil order, biome, and geography. Less weathered inceptisols and nutrient-rich alfisols, as well as soils at lower elevations, were associated with greater plasticity, suggesting these soils do not provide a strong selective force for P resorption and may contribute to variable P resorption plasticity. Plants at high latitudes were also variable in P resorption;
this outcome may reflect variation in green leaf P observed in high latitude plants (Reich & Oleksyn, 2004) , given the positive correlation between green and senesced leaf P. Surprisingly, plants from typically P-limited tropical and subtropical moist broadleaf forests were variable in P resorption; this outcome may be related to the low replication of tropical sites in our data set and emphasizes the need for more longterm research in these highly threatened ecosystems.
| CON CLUS IONS
Overall, our data support the hypothesized drivers for potential and realized resorption proposed by Killingbeck (2004) . Nutrient-poor soils, as evidenced by the significance of soil order and environmental factors influencing soil nutrient cycling, typically were associated with complete resorption and less plasticity in this leaf trait. Additionally, soil moisture availability and precipitation patterns influenced complete N resorption and its plasticity. These outcomes highlight the consistent patterns we observed -complete resorption is associated with the 'need' for this process (i.e., strong selective forces for nutrient conservation), whereas incomplete resorption is associated either with poor selective forces for nutrient conservation or factors impeding the ability to complete this process (e.g., drought).
Importantly, our data show strong patterns of resorption plasticity, suggesting complete resorption may not be the norm, particularly for P. Current dynamical models of global ecosystem nutrient cycling do not account for this type of variation, assuming resorption is equivalent across species and environmental conditions (Reed, Townsend, Davidson, & Cleveland, 2012; Vergutz, Manzoni, Porporato, Novais, & Jackson, 2012) . Our data suggest that environmental factors, such as nutrient availability and soil moisture, TA B L E 5 Parameter estimates of log coefficient of variation (CV) senesced leaf P modulate resorption responses and can, in some cases, increase variation in this trait. However, in contrast to previous assumptions, our data also suggest that N and P resorption may respond differentially to these drivers. Including environmentally related variation in resorption and the potentially unique responses of N and P in dynamical ecosystem models should improve estimates of productivity and nutrient limitation under future global conditions.
We also identified gaps in the resorption literature that require future study. We observed that some biogeographic locations have been more intensely studied than others, with few studies of multi-
year resorption patterns conducted in the Southern Hemisphere or wetland or flooded systems (including mangroves), and to our knowledge, no multi-year studies have been conducted in montane systems.
Surprisingly, few multi-year studies have been carried out on heavily weathered soils such as oxisols and ultisols or strongly nutrient-limited systems such as tropical forests, boreal forests, and taiga. Given the anthropogenic pressures on these systems due to global climate change, it is imperative to understand the links between abiotic drivers, resorption, and ecosystem nutrient cycling and productivity in these regions.
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